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A theoretical and experimental investigation of a modified .h'avion 
typo airplane was undertaken to determine the effoct on the phugoid mode 
of obtaining artificial static stick-free stability with bobueights and 'or 
downsprings whil® the center of graclty was well aft of tho basic air- 
plane' c neutral points. 

The theoretical study was very rewarding and indicated that even 
though adequate static stability could be introduced with gadgetry, if the 
effect of the gadgetry were to move the static stick-free neutral point 
aft of th" neneuvering neutral point, the phuroid no^ will become rapidly 
divergent although remaining oscillatory. This change in tho relative 
positions of the neutral ooints can be acconplishe ! only with downrpr,ing. 

The experimental flight research program confirmed th* qualitative 
results of the theoretical study and oven agreed surprisingly well with 
the quantitative results. 

An interesting sidelight of the experimental program concorne-’ 
stick-fixed stability. It was concluded, after many hours in tho air with 
the center of "'ravity aft of the stick-fixed neutral point, that the oilot 
is insensitive to ne -ntivo static stlck- , 'ixed, or elevator position, sta- 
bility. It aopears that if the pilot has satisfactory force stability, 
sat ’.''factory dynamic 3tab 4 llty, an 1 ade juate elevator for th" flirht re- 
cuircmjnts, the relative oositions 0 ° the stick-fix-'d neutral point and the 
center o' gravity is unban or tort. 

There appears to be only two ninor qualifications to the acc^nta- 
bility o r static and dynamic stability when artificially acquire- 1 with 



gadgetry. Tho gadgetry may introduce such static nonents into the system 
that it is unsatisfactory frcn ground-handling considerations, or it nay 
increase the system inertia so that tho pilot will find it unsatisfactory 
because of high forces necessary to overcame the inertia even in level 
flight. 



/ THE EFFECT OF BOEWEIOHT AMD DCMN3PRING OF TIE 

lo:g rruDiriAL eynamic stability of a:: airplays 

INTRODUCT ION 

Since the beginning of Vorld War II, the airolane designer ha3 
had to produce airplanes of greater and greater capabilities, load 
carrying capacities and versatility, so that nany design limitations 
such as size, C03t, complexity, runway lengths, etc., have forced on him 
tho necessity of making many more major compromises in his design. Re- 
gardless of compromisoo and means neco33ary to achieve an end, however, 
tt ere have always boon certain minimum requirements for airplane stability 
and control which had to be satisfied. Those requirements have been 
established by tho various customers of the aircraft industry, with the 
assistance of the National Advisory Committee for Aeronautics, and estab- 
lish a criteria for all major measures of han-’lin * qualities, with one 
notublo exception. In making hi3 compromises and in usin; his imaginative 
powers in turning out a final design, the airplane manufacturer has never 
had to trouble himself with ono mode of tin airplane's longitudinal dynamic 
stability, tho Ion - ; oeriod oscillatory phugoid node. This node of oscil- 
lation in past airplanes ha3 always been of such lonr oeriod that it was 
relatively unimportant whether it was dar.ood or undamped, a3 Ion • as any 
possible divergence was not too rapid. Consequently 3cnnt attention ha3 
been paid to thi3 mode of dynamic rosponse, and comparatively little work 
ha3 been done in studying the phugoid node. 

In recent years, the necessary compromises in design have resulted 
in many airplanes being built with their center of gravity too far aft, 
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so that static and maneuvering longitudinal stability of the finished 
airplane has been unsatisfactory. Designers have met this problem with 
the introduction of the relatively familiur dovnspring and/or bobveight 
into the longitudinal control system. These devices are satisfactory in 
improving static stability but their effect on dynamic stability vas only 
lightly considered, since the short period mode is generally very heavily 
damped, and the phugoid node historically was of such little consequence. 

Within the military services and some educational institutions, 
however, there ha3 always been a group of aerodynamic ists who have felt 
that the phugoid node was not getting deserved attention whenever control 
systems wore modified with mechanical devices producing artificial static 
stability. Their feelings on the subject have received support fron 
airplane pilots, particularly those flying all-weather, who greatly desire 
that the transient response of an airplane to any disturbance 3 uch as a 
gust be stable, and any resulting oscillations be either damped out in a 
few cycles or of such long period that they are barely noticeable. As a 
result, the U. S. Air Force awarded Princeton University a contract for 
aoolied research to study the phugoid node as it is affected by gadgetry 
in the longitudinal control system. 

The author of this thesis asked to be allowed to participate in 
this research and was greatly flattered when he was allowed to tako a 
considerable part in the program. Thia thesis is a presentation of the 
study, flight research, and results of that part of the program dealing 
with bobweights and downs?ring3. Although it is complete as to this phase 
of the program, thi3 thosis is not to be construed in any way as a report 
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on the results of tho Air Force program which is the peculiar responsibility 
of Princeton University. 

The thesis will cover the subject matter in the following general 
gashion. First will bo presented a brief discussion on the effects of 
bobwoights and downsprings on static stability in order that the reader 
nay more easily understand their effect on dynamic stability. This will 
be followed by a brief report on the analytical study of these effects and 
a presentation o'* the results. The flight research orogram will then be 
introduced. In order that the very interestin : conclusions in regard to 
the effect of gadgetry on the phugoid mode be not obscured by the many 
relatively trivial but tine-consumin'* ancillary problems, those matters of 
merely incidental interest will receive only brief mention. 

THE EFFECT OF D0WNSPRIX3 AND BOBVTEIGHTS 
ON STATIC STABILITY 

Both tho downspring an^ the bobueight nffoct stick-free, or control 
force, stability by introducing a moment into tho longitudinal control 
system which changes the stick-free floating angle of the elevator in the 
downward direction. In the case of the downspring this moment is independent 
of normal accelerations, i.e., is not affected by maneuvering. Increasing 
normal acceleration with a bobweight installed, however, increases the 
inertia force of the bobweight so that the hinge moment produced by the 
bobweight is directly proportional to normal acceleration. 

The floating angle of the elevator resulting from aerodynamic and 
mechanical effects may be expressed In coefficient form as follous: 
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Terms are defined in the Appendix, pago The contribution of 

the free elevator to the airplane pitching moment oquation is simply: 

&Crr - Crr>£ <£ - — Crr < ^ — Q*l/ ( ■ ) 

fr€ * " r<A Chi O s ;C t c* ) 

.'loutral points occur wherever the change in pitching moment vith 
change in lift coefficient is zero. These points are found by taking the 
derivative of the oitching moment equation with respect to C^. If the 

static stick-free neutral point is desired this derivative must be taken 

holding fo * 1, or the product C L \ Qquul a constant. If the maneuvering 
neutral point is desired, velocity must be held constant and n may vary 
in direct proportion to angle of attack or lift coefficient. 

The shift in neutral point due to the free elevator is obtained 
by taking the derivative of its contribution to the moment equation. 
Holding Q V 4 equal to a constant, then * ■— , and the derivative is: 

* - ps/ Gu_ (/-si.) - -ir C Z£. 

dC L c L C, K ^ W ^ c<- 

^ n e 

This showa that a gadget oroduclng a hinge moment coefficient equivalent 
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^ increases the static stick-free stability margin by a factor 
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If the derivative is taken holding V a constant which is the con- 
dition obtaining in maneuvering flight, then is not equal to , 

^ "/ s 

but also is a constant, and the entire second tem vunishes. This indicates 
that a mechanical hinge moment which is not a function of normal accelera- 
tion such as that introduced by a downspring, has no effect on the stick 
free maneuver margin. 

However, if the mechanical hinge moment is a direct function of 
normal acceleration, such as that introduced by a bobweight, then the 
addition to tho moment equation produced by freeing the elevator is: 
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Jhere n * 1, as In rectilinear flight where C L V equals a constant, 
it is plain that the bobweight has the same effect as the downooring in 
increasing the static stability margin, since the equations are identical. 
Howovor, where V is held constant, then n is not equal to 1, but equals 

♦ so that the resulting contribution to the moment equation, velocity 
held constant, is: 




Taking the derivative with respect to C u to find the effect of the 
mechanical hinge moment in changing the maneuvering neutral point: 
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From this equation is seen the fact tiat the bobweight shifts the 
maneuvering neutral point aft by a factor 



am* 
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which is exactly equivalent to the shift in static neutral point produced 
Ly the bobweight. 

In summary it has l een shown that the downcpring changes the static 
neutral point but has no effect on the maneuvering neutral point, whereas 
tho lolweight affects each by an equivalent amount. To express this con- 
conclusion in the fom in which it will be referred to in the remainder of 
this thesis, the downspring increases the static margin ( ) but not 

the maneuver margin whereas the bobweight increases both an 

equivalent amount. The downspring reduces the margin {N fr -/Vo) whereas 
tho bobweight keeps this margin, the difference between the two neutral 
points, a constant. 

It is ossential that tills distinction be understood and accepted 
in order that the remainder of this thesis ba fully appreciated. 



ANALTTICAL STUDY Or THE EFFECT OF DOVNSPRINGS 
AND F01 WEIGHTS ON DYNAJ'IC STAriLITY 

The generally accepted equations of motion of an- airplane in the 

longitudinal plane and with elevator free to rotate arc, in operator form, 

as follows i 

0/~.r ", t £ : (C 0 -hd ) U + -Z (C 0 ^ - C. ) =>< + - C 
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whore all variables are increnental values, U~ QC , and the time 

V 

parameter i3 JC = Ji- 

r 'wsv 

Ci is the initinl aerodynamic hinge moment fron any cause, includ- 

''O 

ing the aerodynamic hinge moment necessary to balance the downspring and, or 
bobweight. 

h t is the term taking into account the mass unbalance of the 
elevator, including the effect of a bobweight in the system. 

d is the tern accounting for the effect of pitching accelerations 
on th<» mass unbalance of the elevator. 

h is the inertia tern for the airplane. 

hi£ is the tern accounting for the elevator's moment of inertia 
about its own axis. 

All coefficients which are stability derivatives are expressed in 
a short-hand notation so that, eg., C^. is equivalent to 

All terms are defined in detail in the appendix but for the purposes 
of thi3 discussion it is only necessary to know the origin of the terns. 
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Oefore oroceeding with the solution of these equations, it was 

assumed that f n l - C n ~Q , since in most airplanes the elevator mode of 

df 

oscillation is of such short period and so heavily damped that an assumption 
that the elevator instantaneously assumes it3 trim position does not affect 
other airolane motions appreciably. 

Sinco it is not the purpose of thi3 thesis to demonstrate how such 
differential equations are solved in order to determine the transient 
motions following a disturbance, only a brief description of the process 
followed by the solution for damping and period of the transient oscillations 
resulting froa a disturbance will bo orosonted. For details of this process 
the reader ia referrod to Ref. 1. 

The solution o'* the four equations for the transient motion i9 

^ ■£ ~ ^ V. 

assume 4 to bo of the form U~ « etc. 

‘ ) ‘ i 

These assumed solutions are substituted into the four differential equations 
and the result is four homogeneous algebraic equations. Since they are 
consistent, the determinant of th« coefficients of the variables must equal 
zero. This determinant is expanded and can bo presented as a quartic in 
known ns the characteristic equation, of the forms 



/V - /A A 3 ♦ 3/A* t c A t D - O 



The roots of thi3 quartic determine the character of the motion of 
the airolane. If any roots are roal numbers, the motion i3 aperiodic, con- 
vergent if nogative, divergent if positive. If there is a complex pair of 
roots, there is oscillatory motion, damped if the real part is negative, 
undamped if the real part is positive. 



After the dotennirumt uu3 expanded, the coefficients of the charac- 
teristic equation were found, each of which consists of many of the co- 
efficients of the equations of motion grouped in an algebraic relationship. 

These coefficients uere simplified by making appropriate substitu- 
tions, which will bo definod later, and the result wa3 as follows: 



[C/r, t ) is the effective aerodynamic damping, defined as 
'd*. dir 

follows : 







whore h i s the effective airplane inertia, definod as follows: 
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- (/%,' is the stick-free maneuvering stability and i ; 



defined as follows: 



- Cl« ( Mm -Se 9 ) — C n „ r ~ —* r [fM + )] 



o C 2 ' ' df> 

d v 



is the stick-free static stability, and is defined 



as follows: 



~C (‘ v *-/c V > — C- u - -/ 0 ) 

; w d 



• / 

A//m - / Cy and /V* ~ A<^ are the maneuvering and static stick-free 

stability margins, positive if stable. For a detailed discussion of these 
equivalences, see Ref. 1. 

The coefficients of the characteristic equation were arranged in 
this fashion to facilitate study of the stick-free static and maneuvering 
margins on the characteristic transient motions of the airplane. With the 
equation as set up, values for and uere varied and solu- 

tions for the equation were made for each variation. The values of the 
other components of the equations, including th» stability derivatives, 
were computed from theory and wind tunnel tests, using the Navion as the 
subject airplane. Approximately eighty variations were solved by M. J. H. 
Goldberg, so that the root loci for th« equation as No ~Acj and A/m 
were varied could bo quantitatively defined. The real roots, and the real 
part of the complex roots were converted to the inverse of the time to damp 
to l/2 amolitude f r^r and the imaginary parts of the complex roots were 

V 
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convarted to period (P) by the following relationships. 
If a conplex root is as follows: 

X - fr\ ± yin 
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The root loci of the characteristic equation are plotted in Fig. 1 
of the Appendix for various values of Nm ~ Mo • The real roots and the 
real part of the complex root are plotted on the upper family of curves, 
with the inverse of time to damp to half amplitude as the argument. Negative 
values of the inverse tine parameter indicate negative damping, and aro 
equivalent to time to double amplitude. Dotted lines indicate oscillatory 
motion and solid lines indicate a puro, or real root, divergence. The 
imaginary part of the conplex roots are plotted in the lower family of curves 
with period a3 the argument. 

Discussion of Results of Theoretical Study 

The most prominent fact revealed by the curves of Fig. 1 is that the 
short period mode, the upper family of dotted linos, is independent of the 
maneuver margin and of the margin M,y "/V/ . In any event, as far as the 
Navion is concerned the short period nodo, even where it is aperiodic, is 
so heavily damped that it is of no particular interest. 

Almost equally pronlnent is the fact that the phugoid mode represented 
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by the Lower family of dotted lines is very greatly affected by the margin 
Nm ~ /Vo . For some values of this parameter it is apparent that the 
phugoid mode is very divergent, going to double amplitude in a very few 
seconds. 



Of small interest is the fact that for certain negative values of 
Nm ~Xc <j two real roots conbine to become complex and produce an oscil- 
latory motion, since at the same time there is a real root so rapidly 
divergent that any such oscillatory motion is completely obscured. 

Accepting the fact that the short period node is of scent interest 
while the phugoid mode is of great interest, a cross plot of this family 
of curves was made indicating the root loci of the phugoid roots only. 

This cross plot is presented on Fig- 2 and more clearly illustrates the 
effect of stability marginc on the phugoid. This plot was made with /Vr ~x C cj 
and Nrr>'~Nc a3 the arguments. Varying downspring moves tho roots along 
the horizontal linos of constant /V/>, - while varying bobweight moves 
the roots along the vertical lines of constant /V/>- “//>• Of course, linos 
of constant f/c ~Xe<j are diagonal, as indicated. 

It is readily apparent that there are definite stability boundaries 
setting off distinct regions. In ono region motion is aperiodic and divergent. 
In another the phugoid motion is oscillatory but damped, while in the third 
tho notion is oscillatory but undamped. Lines of constant time (in seconds) 
to double or half amplitude, depending on whether tho motion is undamped or 
damped, are included in the upper plot. 



The bottan half of the cross plot include lines of constant period. 
It i3 seen that within the regime presented the period of the phugoid varies 
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fron 12 to 50 seconds. The rectangle superscribed on the plot indicates 
the region in which flight tests were made. 

In order to point out a region of particular interest, and to illus- 
trate the U3e of the plot of phugoid characteristics, consider a maneuver 
margin, /%, of r.OZc . By adding downspring to the system, we move 

horizontally, with Alr n ' x ccj remaining unchanged. Moving from right to 
left, it is seen that for a margin Nrr'No equal to 4- c the motion 
is aperiodic and undamped. Increasing down3pring moves the airplane into 
the region of damped oscillatory notion, which shows an improvement. 
Increasing dounspring further noves the airplane into undamped oscillatory 
motion with a fairly short period which very rapidly becomes so divergent 
that amplitude is doubled in less than 20 seconds. Notice that this occurs 
even though both the static and maneuver margins are stable. 

The effect of changing bobwoight is to move the airolane along the 
vertical lines of constant him ~ Ac • A 3 long ns both static and maneuver 
margins are positive, it is apparent that there is no serious change in 
the oscillatory node due to varying bobveight. 

These curves are deserving of more extensive discussion, but they 
are also susceptible to easy analysis. It is very apoaront from this 
analytical study that an indiscriminate use of downspring can have a serious 
adverse effect on the phugoid mode whereas the effect of botveight is not 
so pronounced. A flight research program was undertaken to 3ee uhether the 
airplane appreciated this distinction. Tho results of this program will be 



presented forthwith. 
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THE FLIGHT RESEARCH PROGRAM 
Description of the Test Airplane 

The flight research was conducted on a i’avion airplane which was 
modified a3 follows. The area of the horizontal tail surfaces was reduced 
Id percent by reducing th9 span 36 inches. The chord of the elevator 
trim tabs was increased one inch, or 20 percent, by adding a flat plate 
which was then bent upwards 20 degrees to provide a fixed trinning moment 
in addition to the adjustable trim. 

The elevator control system was modified as indicated in the sketch 
in Fig. Z of the Appendix. This system permitted unrestricted adjustment 
of bobweight3 and downspring3 while airborne. Throughout the range of stick 
positions, the moment produced by the device was essentially constant. 

For the static stability teats, elevator position and stick force 
was measured with autosyn and strain gages so that deflections of .1 degree 
and forces of 1 pound could be measured. An accelerometer constructed with 
spring and mass and enclosed in a freely suspended glass tube, accurate to 
.01 g, was used in the maneuvering tests. 

For the dynamic stability tests, whore only the phugoid response 
wa3 required, a photo panel was used which contained, among other things, an 
airspeed indicator with the pickup from a boom on the starboard wing tip. 

Fixed ballast of 80 pounds was anchored in the tail and movable 
ballast of 150 pounds was carried within the cabin so that the center of 
gravity could be varied from .32c to .40c while airborne. This required 
operating the airplane over design maximum gross weight. 
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Statlc Stability Phase 

For the sake of standardization, bobweighte and dounsorings were 
varied in increments of 8 pounds equivalent stick force per increment of 
either mechanical device. Innumerable static and maneuvering tests were 
performed to determine the neutral points with various combinations of 
downspring and bobweight. Enough data was taken to support a comprehensive 

♦ 

report on static stability. Due to extreme elevator deflections, tab 
deflections, and center of gravity positions, various nonlinearitle3 were 
encountered. However, since the purpose of these tests, and the need for 
them, was merely to locate neutral points, any discussion of the static 
data would be superfluous to the topic of this thesis. Suffice it to say 
that standard pilot technique was employed, the neutral points were determined 
carefully and with reasonable accuracy, downspring was found to have no effect 
on maneuvering stability whatever, and that static stability is in fact as 
indicated by the summary in Fig. V of the Appendix. 

Dynamic Stability Phase, General 

The dynamic test program was designed to determine the phugoid 
responses at a constant static stability margin as bobwelght3 and downsorings 
were varied. In order that as many combinations of down3pring3 and bobweights 
as possible could be used without introducing too much static stability, it 
was necessary to test the airplane at center of gravity positions well aft of 
the neutral point. 

No phugoid responses were taken with the center of gravity aft of .363c. 
due to a critical shortage of down elevator deflection. Full down elevator 
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vas required at 90 rap h with the c.g. at .39c. It was not felt that the 
added information to be obtained at center of gravity positions aft of .363c 
justified the very real possibility of losing the airplane due to inability 
to recover from the no3e-up swing of an oscillatory or divergent response. 

As the flights progressed, it soon became apparent that oscillations obtained 
at 36J6 chord could be ns extreme as the ."avion could safely withstand. 

A trim 9peed of 110 mph was used in taking all of the phugoid 
responses. Very great attention was devoted to getting trim as closely as 
possible. Although control friction was reduced to 1 pound, trimming to 
exactly 110 mph when the force gradients were very low was difficult but the 
results show that any discrepancy was minor. 

Responses were recorded by carefully trimming the airplane at 110 
mph, then aoplying the necessary force to cause absolutely rectilinear flight 
5 mph either above or below trim speed, and then releasing the stick. The 
resulting motion was determined by a plot of airspeed versus tine taken from 
the photo panol. 

Dynamic Stability Phase, Presentation of Rosult3 

Upwards of 90 different responses were recorded during this phase 
of the flight research program. Mo3t of the- are included in thi3 report. 

It vus necessary to discard sone which indicated a gust input during the 
transient response, or unsatisfactory initial conditions. For the sake of 
emphasizing certain important conclusions, and pictorializing the literal 
statements, various groups of these responses are presented separately for 



the following purposes. 



-17- 



In order to illustrate the fact that ohugoid response can be unsat- 
isfactory even though static 3tick-free stability is positive, and to show 
that tho response at a given center of gravity with the sane static margin 
worsens rapidly a3 downspring i3 employed in lieu of bobweight in order to 
obtain the static margin, responses are plotted in Fig . S , mage JO of tho 
Appendix all of which were taken at a static margin /vC - — . OG^c. 

and center of gravity at , • "he tendency of the phugoid to become 

undamped and diverge rapidly with increase in the proportion of downspring 
in the system is quite obvious. 

In order to illustrate the fact that if the static margin be kept 

constant and the margin - No be kept constant tho phugoid recoonse 

will remain unchanged evon though the center of gravity i3 varied, responses 
meeting these conditions are presented in Fig. 6 , page -/ of tho Appendix. 

These conditions can be not only by correcting center of gravity shift with 
botwolght. 

In order to illustrate the fact that there is a great change in the 

phugoid response as tho center of gravity is varied from .32c to .36c with- 

out correcting with bobweights or other devices, resoonses are presented in 
FIt. 7 , page -2 2 of the Appendix and require no further comment. 

The general mass of tho responses, including those already oresented. 
is presented on page 3i~et 3ubs. On tho page preceding is tabulated the 
margins and c.g. positions obtaining for each response. All responses are 
grouped in major subdivisions of approximately equal static margin, 
with the margin N<r , ' - /Vo in descending order within tho subdivisions. 

An interesting fact, consistent with simple dynamics, is illustrated in this 
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type of presentation. As long as the stutic margin, which is analogous 

to the spring in a spring-mass-danper system, is positive, motions are 

oscillatory. As long as A//> - A/o , which i3 analogous to the damping in 

the simple dynamic system , is positive, the oscillatory motion is damped, 

or very nearly so. If • A/> becomes negative, indicating negative 

damping, the oscillatory motion always Increases in amplitude. Recall that 

. ✓ 

the difference between Nn and N» in a simple aerodynamic airframe is 
due to aerodynamic damping. Therefore it is safe to conclude that even 
though the static stability is positive, if the static force neutral point 
is aft of the maneuvering neutral point, the phugoid will be undamped. 

Those points Just discussed and illustrated definitely confirm at 
least the trend disclosed by the theoretical study. In particular, the 
flight research confirms the analytical conclusion that the downspring will 
have a serious adverse effect on the phugoid node whenever it moves the 
static stick-free neutral point. A quantitative comparison of the experi- 
mental and theoretical results will be made later in this papor. 

Pilot Observations 

In the long period or phugoid oscillations there wus a very large 
time lag in airplane response between attitude and airsoeed, with attitude 
leading airspeed by a rather extreme amount in some cases. For example it 
often occurred that the airplane wa3 pitching quite rapidly, on the order 
of 12 dogrees per second, and had obtained an extremely high nose attitqde 
while the airspeed, although falling raoidly, was of the order of 140 raph. 
Naturally a recovery was necessary, and this often had to be accomplished 
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before the airspeed had fallen considerably from Its naximn value. Con- 
sequently the velocity traces are not truly indicative of the severity of 
the oscillations. Another example of an extreme condition uhich occurred 
several times during the tests, and indicative of the lag between attitude 
and velocity, occurred at the high speed peaks of the oscillations. The 
airplane would be pitching downward at a great rate, at least 12 degrees 
per second sinco it would go from a conservatively estimated nose-uo attitude 
of 33 degrees to a nose down attitudo of 50 degrees in 7 seconds. It would 
reach its maximum nose-down attitude and rapidly reverse its direction of 
pitch while the airspeed was still building up. Consequently before the 
airspeed ever reached its maximum value, the accelerations at the bottom of 
the dive would build up so raoidly that a recovery was necessary beforo the 
airspeed over reverse'-’ to show another peak in the oscillation on the air- 
spoed plot of the maneuver. For these reasons th'' airspoed traces of the 
oscillations in many cases wore cut short nearly a half cycle earlier than 
a trace of airplane attitudo versus tine would show a cut-off. In other 
words, were the phugoid response to be recordod by an attitude versus tir.c 
plot, these very divergent curves would show an oxtra half cycle. 



COMPARISON OF RESULTS FROM FLIGHT TESTS 
AMD THEORETICAL INVEST IGAT IONS 

Since the Navion was usod in both the theoretical and experimental 
phases of the investigation, there appears to be a good opportunity to compare 
results from each type of investigation and possibly to confirm quantitatively 
tho theoretical results. It would seen rash, at first blush, to hope for 
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any close quantitative comparison, since the theoretical study required 
the use of engineering estimates of stability derivatives in many cases, 
and the solution of the equations of motion required certain approximations 
in order to linearize then. In particular, the theoretical study was nec- 
essarily limited by linear approximations to small perturbations, whereas 
the actual notions, while very oerturbing, were not at all small. In detail 
pow^r effects undoubtedly varied considerably during the oscillations since 
the llavion doos not have a constant speed propeller, but the theoretical 
study could not take this very nonlinear variation into account. 

However, since a quantitative comparison is inevitable, the author 
presents on page ? 5" of the Appendix the plot of phugoid characteristics 
with constant damping lines, and with various flight te3t results susceptible 
to reasonably accurate measurement plotted where they fall. Suitable cap- 
tions identifying the points aro presented beneath tho curves. On page *y6 . 
the plot of phugoid characteristics with constant period lines is presented 
with a similar treatment of actual flight test rosults. All things being 
considered, tho comparisons are very good and far better than expected. 

PILOT'S QUALITATIVE OPINION ON HANDLING QUALITIES AS 
INFLUENCED BY DCWNSPSIWS AMD BOBVEIGHTS 

This topic normally would be of extreme interest to an aircraft 
designer with the pilot' o interest at heart, if there are any, but unfor- 
tunately all of these opinions are not strictly applicable to the general 
airplane a3 the quantitative trends disclosed in thi 3 investigation appear 



to be. 
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Accept the fact that a bobweight will provide stable force gradients 
in an unstablo airplane. Furthermore, this study showed the bobweight to 
be most ineffectual in causing on unsatisfactory phugoid. In spite of 
these obvious advantages, the pilot nay well object to having very much 
bobweight in the elevator control system. The elevator generally has a 
fairly low moment of inertia. Vhen masses of lead on a moment ana are 
introduced into the system, the olevutor moment of inertia nay increase 
considerably. In the case of the Navion, the elevator moment of inertia 
increased 32 times while moving the neutral ooints 5.1 percent chord with 
bobweight. This tremendous increase was due to th vorv small moment of 
Inertia of this small airplane, and a larger airplane would not show such 
an increase percentage-wise while getting the same offect on stability. 

Yet it is t^ue that a large increase in inertia in the system will bo very 
objectionable to the pilot, both on the ground and in rough air, and it 
may well be that the amount of bobweight which nay be introduced into the 
system will bo limitO'* by adverse pilot opinions. 

Although a downspring will have a bad effect on the phugoi^, as far 
as noving the elevator and controlling the airplane is concernel, it has 
no discernible effect. Sxcept for improving the static force gradient, the 
pilot would not even know a downspring wa3 in the system, except while 
taxiing. However, when the airolane's phugoid mode, although oscillatory, 
is rapidly divergent, it is extremely difficult to trim the airplan®. And 
of course, oven if a trim were obtained, the first gust that hit the air- 
plane would send it off trim speed never to return except to pass through 
on its way to other extreme speeds and attitudes. In other words, if the 



downspring were responsible for producing an undamped Dhugoid, the pilot 
would have to fly the Diane at nil tines, keeping a positive control of 
the airspeed. 

Many hours of flying tine was spent with the center of gravity aft 
of the static stick-fixod neutral point. The unstable slope of the elevator 
oo 3 ition versus lift coefficient curve was completely unnoticeable, with the 
exception that in extreme cases a shortage of down elevator as speed is 
decreased is very noticeable and can be embarrassing. Jith this exception, 
which can not apply to most aircraft, and which can easily bo corrected by 
adjusting stabilizer incidence tingle, th*» author can see no objection to 
unstable stick-fixed stability as a routine situation. 

Pilots' opinion at b*»st is not susceptible to quantitative definition. 
These oninions ar n offered a3 a qualitative guide to possible objections to 
extreme a ounts o r gad, ;etry in the syster. This author, as a allot, has flown 
many oilitary airplnnes equipped with the bobwoight none of which had quite 
as pronounced an effect on the elevator system ao did the devices in the 
Navion. Consequently It is not felt that the adverse consents on handling 
qualities ns influence J by the bobweight i3 necessarily applicable to a 
1 trger airplane. The downsprinj is a different story. No pilot will like 
any airplano which ho can not trin longitudinally. 



CONCLUSIONS 

Static and maneuvering stability may bo improved considerably with 
the use of bobweighto and downsprings. Even though an airplane is basically 
very unstable, judicious use of these devices will provide stable force 
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gradient3. No attention need be paid to providing stable 3tick-fixed 
stability, orovidin-’’ adequate elevator power and range of deflections is 
provided. 

Correcting an unsatisfactory static force stability with bobweight 
can only havo a favorable effect on the pbugoi^ mode. Correcting the 
force stability with downspring in some conditions will change the node 
from a pure divergence to a da m ped oscillatory motion, but in all conditions 
it is possible to produce very divergent oscillations by an indiscreet use 
of downsprings. 

The results of the study clearly indicate that an indifference to 
the phugoid mode is unjustified whore gadgotry is used in the elevator 
control system, and prove a need for a rational specification as to minimum 
requirements in regard to this mode. 



RECCMM3NDAT IONS 

Since this investigation h«o been limited to a study of the airplane 
in the cruising configuration, it is recommended that there bo some further 
otudy of the phugoid response of an airplane in a wider ranre of conditions. 

REFERENCES 

1. Perkins, C. D. and Hage, R., "Airplane Performance Stability and Control" 
John Wiley L Sons, Inc. 19h9» 



DESCRIPTION OF SHEOLS 



Cf. Elevator hinge moment coefficient 

Cm Pitching moment coefficient 



Q C c Lift and Drag coefficients 



All stability derivatives are expressed in shorthand notation. For 



example t 



d 



Cm - 4^' 
* J7 



S<J 



ono 



C„ 

do 









Tha differential operator, using £ as the tine variable 

rather than t • /r 

tj. a& — de i - o v 



Elevator deflection 






5e Elevator area 

Q Elevator chord 

Elevator Effectivonesa 

c ^ Angle of attack, s for stabilizer, v for wing 

x Angle of incidence, s for stabilizer, w for wing 

£ Down wash angle 

G Pitch angle 

u , incremental change from trim speed 

H Number of normal accelerations, in g. 

C Fean Aero. Chord of wing 

Xcq Location of conter of gravity with respect to c ( from 
leading edge) 

/Y? Static stick-free neutral point with rospect to c. 

/ 

Jin Maneuvering stick-free neutral point with respect to c. 
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